Most polymeric materials exhibit a positive Poisson ratio, i.e., they become thinner when stretched. This is because, under tensile strain, polymers generally develop more order, facilitating interdigitation of groups along the main chain. One can imagine, however, cases where the Poisson ratio is negative, wherein the material exhibits a lateral expansion on stretching ͓1,2͔. This behavior has been found in some bulk polymers ͓2-6͔ and metal foams ͓5͔. For some of these polymers the negative Poisson ratio-sometimes called ''auxetic''-behavior is based upon atomic scale mechanisms ͓7,8͔; in others, the auxetic behavior is based upon an inverted honeycomb ͑reentrant cell͒ molecular structure ͓1,3,9͔. Because of some undesirable physical properties associated with the honeycomb polymers, He, Liu, and Griffin synthesized a new class of auxetic materials based upon siteconnectivity-driven rod reorientation in main chain liquid crystalline polymers ͓10͔. The principle of this design concept is illustrated schematically in Fig. 1 , wherein alternating mesogens are connected at their ends or cores by flexible spacer groups. In the nematic phase the molecules interact via a combination of anisotropic van der Waals and steric interactions, giving rise to a molecular arrangement in which the mesogenic axes are approximately parallel to each other ͓Fig. 1͑a͔͒. When stretched, however, the spacer groups become fully extended, causing the core-linked mesogens to orient at a large angle, or even perpendicular, to the main chain direction ͓Fig. 1͑b͔͒. X-ray results on one such material indeed show increased lateral separation between chains when the polymer fiber is stretched ͓10͔.
A low molecular weight trimer has also been synthesized ͑Fig. 2͒. The trimeric liquid crystal was prepared by a multistep synthetic route which will be described in a forthcoming paper ͓11͔ on trimers and polymers, having the central rod laterally attached to the connecting spacers. This compound was subjected to standard chromatographic and spectroscopic techniques for purity and structure determination. Its phase transition sequence is crystalline-137.9°C-nematic-154.6°C-isotropic. The trimer contains two terminal endconnected mesogens and a central core-connected mesogen, and is shown schematically in Figs. 1͑c͒ ͑ordered nematic͒ and 1͑d͒ ͑stretched͒. Unlike the polymer, the trimer flows easily, with a relatively low viscosity, which is not much different from that of typical low molecular weight nematics. To better understand the nature of the auxetic architecture as it applies to low molecular weight molecules, we examined the elastic constants in the nematic phase and the orientational susceptibility in the isotropic phase above the nematicisotropic transition temperature T NI . Our central results are that although the splay, twist, and bend elastic constants are not greatly different from those of typical monomers, the pretransitional behavior of the Kerr coefficient in the isotropic phase differs markedly from its monomer counterparts ͓12͔.
FIG. 1. Schematic representation of auxetic polymer in the nematic phase. ͑a͒ Oriented mesogens with significant gauche behavior in the spacer groups. ͑b͒ Stretched polymer with elongated spacer groups. ͑c͒ Same as ͑a͒, except for the trimer. ͑d͒ Same as ͑b͒, except for the trimer.
To measure the elastic constant, we employed a magnetically induced Freedericksz transition technique, whereby a monodomain liquid crystal cell is subjected to a magnetic field ͓12͔. Above some threshold field H th ϭ(/d)ͱK ii /⌬ a distortion of the director profile sets in, which can be observed by a change in optical retardation or capacitance of the cell. Here d is the cell spacing; K 11 is the splay, K 22 the twist, or K 33 the bend elastic constant; and ⌬͓ϵ ʈ Ϫ Ќ ͔ is the magnetic susceptibility anisotropy, where ʈ corresponds to the susceptibility parallel to the director n , and Ќ to the susceptibility perpendicular to n . ⌬ was obtained with a Faraday susceptometer. The instrument and technique are described in detail elsewhere ͓13͔, and the results for ⌬ are shown in Fig. 3 . Because of the scatter in ⌬, we also measured the optical birefringence ⌬n in the nematic phase. This measurement was performed at wavelength ϭ6328 Å using a 5-mW He-Ne laser. A planar sample (dϭ4.0 m) and a Babinet-Soleil compensator were placed between a pair of crossed polarizers, and the compensator was adjusted to achieve a null at the detector. Thus the birefringence was extracted from ⌬nϭ␣/2d, where ␣ is the optical retardation of the Babinet-Soleil compensator; the results are shown in Fig. 4 . To a reasonably good approximation we expect that ⌬ϰ⌬n. We therefore fitted the birefringence data to an ad hoc form: ⌬nϭA(TϪT*)
, where A is a constant and the fitted value of ϭ0.217. ͑We shall see later that the system does not exhibit traditional, single order parameter mean field behavior.͒ We then overlaid the magnetic susceptibility data in Fig. 3 with this fitted polynomial, adjusting only the amplitude to give a best fit to the ⌬ vs T data. Points along this fitted curve were used in the analysis of the threshold field H th in order to determine K ii .
To measure the splay elastic constant, two indium-tinoxide ͑ITO͒-coated slides were spin coated with polyimide PI2555 ͑DuPont͒ and buffed unidirectionally to facilitate planar alignment of the liquid crystal. The cells were separated by Mylar spacers and cemented; the thickness was determined with a micrometer to be (23Ϯ1) m. The cell was then placed into an oven temperature controlled to 0.1°C, which in turn was placed between the poles of an electromagnet; the magnetic field H ជ was oriented perpendicular to the cell. An Andeen-Hagerling model 2500A capacitance bridge operating at 1 kHz was used to measure the cell capacitance in situ. The magnetic field was slowly stepped up from zero to 8000 G over 300 s, and the capacitance was computer recorded. A well-defined threshold was observed in the capacitance at H th , and, assuming rigid anchoring at the cell walls, K 11 was extracted from K 11 ϭH th 2 d 2 ⌬/ 2 . The results are shown in Fig. 5 .
The twist elastic constant K 22 was determined optically. A pair of microscope slides was treated as above for planar alignment; the thickness was determined to be dϭ(23 Ϯ1) m. The cell was inserted into the magnet with H ជ parallel to the cell and perpendicular to n . The beam from a 5-mW He-Ne laser passed consecutively through a light chopper, a polarizer oriented at 45°with respect to H ជ , a focusing lens, the cell ͑with the beam perpendicular to n ), and an analyzer, and into a photodiode detector. The detector output was fed into a lock-in amplifier referenced to the light chopper, and the output from the lock-in amplifier was computer recorded. The magnetic field was again stepped up over 300 s, and the Freedericksz threshold field H th was determined by a sudden increase in the detector signal. For H ϾH th a twist distortion was obtained. For thick cells and large optical birefringence the two components of the optical polarization would ordinarily follow the director, emerging from the sample with the same orientation and retardation as in the absence of twist distortion ͓12͔. Fortunately the optical birefringence and the cell thickness were sufficiently small to obviate this situation, resulting in a clear change in the optical signature at H th . Again assuming rigid anchoring conditions, the twist elastic constant is K 22 ϭH th 2 d 2 ⌬/ 2 . K 22 is shown in Fig. 5 .
To measure the bend elastic constant, one ordinarily uses a Freedericksz transition technique in the homeotropic geometry. Although we tried numerous surfactants and polyimides to achieve homeotropic alignment, we were unsuccessful. Instead we used a twisted planar cell, where the director orientation at one surface was rotated by 90°with respect to the other surface, giving a uniform twist throughout the cell. For this geometry the threshold field H th ϭ(2/dͱ⌬)"( 2 K 11 /4)ϩ͓ 2 (K 33 Ϫ3K 22 )/16͔… 1/2 ͓14͔. Therefore, from measurements of K 11 and K 22 , as well as H th , we were able to extract the bend elastic constant K 33 . ITO slides were used, and the surfaces were prepared as before; the cell spacing was (24.5Ϯ1) m. The cell was placed into the magnet with H ជ perpendicular to the cell surface, and the field was again ramped up over 300 s. H th was determined from measurements of the capacitance vs H, from which K 33 was extracted and shown in Fig. 5 .
We also examined the orientational susceptibility in the isotropic phase using an electric-field-induced birefringence ͑Kerr͒ technique. A pair of clean but otherwise untreated ITO-coated glass slides was separated by Mylar spacers and cemented together; the cell thickness was (5Ϯ1) m. The beam from a 5-mW He-Ne laser passed consecutively through a light chopper, a polarizer, a Babinet-Soleil compensator, a focusing lens, the sample, and an analyzer, and into a detector. In order to detect the electrically induced optical phase shift ␣ through the sample, the cell was rotated by an angle of 45°about an axis perpendicular to the beam.
Owing to the very small magnitude of the induced phase shifts (␣Ͻ10 Ϫ4 ), a phase sensitive detection scheme was used to measure the susceptibility ͓15͔. , where the isotropic refractive index n iso was estimated to be the very typical value 1.6 ͓12͔. From this set of seven equations we uniquely obtain the birefringence ⌬nϭn e Ϫn o from a measurement of ␣ cell , where ⌬nϰ␣ cell for small phase shifts. We thereby can extract the quantity d⌬n/dE 2 , which is proportional to the orientational susceptibility dS/dE 2 , since ⌬nϰS for small S. The sample was driven with an electric field at frequency f ϭ219 Hz. For a fixed ␣ comp the intensity for small ␣ cell is given by IϭI o sin 2 ␣ comp ϩI o ␣ cell sin 2␣ comp ϩO(␣ cell 2 ), where ␣ comp was chosen to be 0.31 rad and I o was calibrated by measuring the change in detector output voltage for a given change in ␣ comp . A measurement of I thus yields ␣ cell , which in turn is proportional to ⌬n. The signal from the detector was input to a lock-in amplifier, which was referenced in the 2 f mode to the driving voltage. The field was ramped up from 0 to 200 statvolt cm Ϫ1 over 60 s, and the signal I was recorded. As expected, I was found to be linear in E 2 . The magnitude of the susceptibility was obtained from the slope of a linear least squares fit of I vs E 2 , and this quantity yields d⌬n/dE 2 , whose inverse is plotted against temperature in Fig. 6 .
The shape of the inverse susceptibility curve is considerably different from typical electric Kerr or magnetic CottonMouton results above T NI ͓12͔, although the magnitude is comparable to other Kerr results ͓15͔. For nearly all low molecular weight materials, the quantities ͓d⌬n/dE 2 ͔ Ϫ1 and ͓d⌬n/dH 2 ͔ Ϫ1 are linear with temperature over a very wide temperature range. At high temperatures the inverse susceptibility may begin to deviate from linearity, most likely due to conformational changes in the molecule. Close to the transition one often observes a slight concave downward structure to the inverse susceptibility vs temperature ͓16͔, often attributed to correlation effects near the nematic-isotropic phase transition. Both the high and low temperature effects for monomers tend to be modest, however, and for all practical purposes the shape of the inverse susceptibility vs temperature curve is nearly linear. The data in Fig. 6 are clearly different. The concave downward behavior is far stronger than found with other materials. This is especially true close to the transition, where the apparent behavior seems to be much more weakly first order than that of typical low molecular weight nematogens. On fitting the data to the form d⌬n/dE 2 ϭ o (TϪT*) Ϫ␥ , we obtained a not-very-good fit, with an exponent ␥ϭ0.35; this is considerably smaller than the mean field and tricritical values ␥ϭ1. It is smaller still than the dϭ3, Nϭ5 n-vector model exponent ␥Ϸ1.53 ͓17͔ associated with the symmetry of the nematic order parameter, the sort of behavior that might be expected for a nearly second order transition ͓18͔ close to the transition temperature. As we do not expect crossover critical behavior for this system, we are hard pressed to believe that such a small apparent susceptibility exponent represents true critical behavior of the system.
Instead, we present another, somewhat speculative, explanation. The trimer is composed of three mesogens, where the center mesogen is attached to the spacer groups at its core rather than at its ends. Clearly the environment ''felt'' by the center mesogen is different from the two terminal mesogens, and this must be reflected in the free energy of the system. Moreover, because the mesogens are tethered, macroscopic phase separation is not possible, which places a constraint on the system. If we suppose that S 1 corresponds to the order parameter of the two end mesogens and S 2 to the order parameter of the central mesogen, we can write the most general phenomenological Landau free energy for scalar order parameters as where q i j and T i j are constants. After some algebra we find
FϭaS
As the birefringence ⌬nϭ 1 S 1 ϩ 2 S 2 , where 1 and 2 are constants that reflect the relative optical weights of the mesogens, we find that the inverse susceptibility is
.
͑2͒
The data may be well fitted to this form, as seen in Fig. 6 , where 1 q 11 ϩ 2 q 21 ϭ1.3ϫ10 Ϫ8 , 1 q 12 ϩ 2 q 22 ϭ1.9 ϫ10 Ϫ10 , T 11 ϭ110.0°C, and T 12 ϭ165.4°C. It is important to recognize that with a four-parameter fit, the 2 surface has many shallow minima, and the parameters T 11 and 1 q 11 ϩ 2 q 21 are extremely sensitive to small variations in the data. For example, one of several other comparably good fits may be obtained with the parameters 1 q 11 ϩ 2 q 21 ϭ2.6ϫ10
Ϫ8 , 1 q 12 ϩ 2 q 22 ϭ2.1ϫ10
Ϫ10
, T 11 ϭ40.0°C, and T 12 ϭ165.4°C. Therefore, one should not- draw strong quantitative conclusions from the particular values determined from the fit. Nevertheless, it does appear that the two mesogenic species feel different environments, and individual ͑but coupled͒ order parameters may provide a reasonable explanation for the observed behavior. Thus the strongest conclusions that can be drawn from this interpretation of the data is that two order parameters contribute to the signal with very nearly equal and opposite weights far from the transition. Only near the transition do they become substantially different, where the susceptibility of a particular combination diverges. This is consistent with the molecular structure if the two order parameters correspond to the long axes of the central and terminal rods.
A second feature is the closeness of approach of the data toward T 12 , which is the effective supercooling temperature of the isotropic phase. Although we are not certain that the lowest temperature data point in Fig. 6 is entirely within the isotropic phase, data were certainly gathered in the isotropic phase within 0.5°C of T 12 . ͓Note that the general conclusions drawn above would not be affected even if this lowest temperature point were discarded; the curvature is still far larger than could be explained with only a single order parameter͔. A close approach to the supercooling limit has been theoretically associated with a nearby Landau point and biaxial phase on a temperature-molecular-architecture phase diagram, and has been positively observed for a lyotropic liquid crystal ͓19͔, and reported for a thermotropic liquid crystal ͓20͔ as well. Just below the continuous isotropicbiaxial-nematic transition ͑the Landau point͒, the bend and twist elastic constants should be equal. We find no evidence of this, which may suggest that these materials are not, in fact, too close to the Landau point. An examination of other possible biaxial materials in this class of molecules will be the subject of future investigations.
We remark that the apparent small size of the first order transition-this is defined as the closest approach to the supercooling temperature-is interesting in the context of coupled order parameters. If there are coupled order parameters and there are cubic interactions such as S 1 S 2 2 and S 2 S 1 2 between them, then the elimination of the less important order parameter results in a small ͑or negative͒ quartic term in the primary order parameter. This is then expected to result in a transition with even more first order character, which is contrary to our observations in this material. Similar strongly first order behavior is expected if the system is viewed as being an equilibrium mixture of different conformers, each of which couples differently to the nematic order parameter. This may explain why behavior of this nature is unusual in nematic liquid crystals. However, in this system, it is reasonable to suggest that there are couplings between two ͑or more͒ order parameters-say the long axes of the central and terminal mesogens-that are mediated by intramolecular interactions via the conformers and bending of a connecting chain. It is also reasonable that the intermolecular interaction between these order parameters are Meier-Saupe-like, i.e., proportional to the product of the order parameters of each molecule. With these assumptions, the quadratic term in the free energy can have any form, depending on the nature of the intermolecular interactions. The nonlinear terms in the free energy would, as usual, come from the entropy associated with the the rotations of the molecule. However, as a molecule rotates ͑for any given conformer and therefore for any thermal average of conformers, provided the conformers are not strongly affected by order parameter of the medium͒, all order parameters, that is to say all second rank tensors, will transform in the same way. It follows that all such order parameters can be related to a single order parameter. This in turn implies that a single second rank tensor order parameter can be assigned to the whole molecule, and all such possible tensors can be deduced from the others. Further, it is possible to view the free energy of a single molecule as a function of one of these order parameters. Thus the nonquadratic part of the free energy of such a system is a function of this single order parameter. Analysis of such a free energy does not suggest a strongly first order transition; rather, it suggests a ''normal'' first order transition. The elastic constant data, on the other hand, are similar to typical monomer results in the nematic phase ͓12͔. The calculated bend constant is perhaps slightly larger than generally observed, and the splay constant slightly smaller, although not unusually so. From these data we can conclude that the elastic properties of the nematic are not too dissimilar from those of most monomers, and it is likely that both S 1 and S 2 are positive in the nematic phase. This conclusion is consistent with the x-ray data reported on an auxetic polymer ͓10͔, and is therefore consistent with flexible spacer groups connecting the central mesogen with the two terminal mesogens. Due to the flexibility of the spacers, the central mesogen is then able to align in the nematic mean field dominated by the terminal groups. Deviations of the ratios K 33 /K 11 and K 11 /K 22 from typical monomer values may come about from the central mesogen, which makes the molecule somewhat bulky in the center. Unfortunately, we are not aware of any theoretical treatment of elastic constants for such a molecule. Moreover, as this molecule is not asymmetric ͑i.e., wedge shaped, bent, or twisted͒, one would not expect a decrease in the corresponding ͑splay, bend, or twist͒ elastic constants. This is borne out experimentally, as there seems to be no significant experimental evidence of such a decrease.
Auxetic liquid crystals represent a new class of molecules with interesting and potentially useful physical properties. Although the system reported herein exhibits elastic behavior not too dissimilar from typical monomers, one can imagine that shorter spacer groups would substantially inhibit the central group from aligning with the terminal groups. Such behavior would likely have a profound effect on the elastic constant ratios, and may more strongly promote a biaxial nematic phase. Moreover, shorter spacer groups would have an important impact on the coupling term in Eq. ͑1͒, and significantly affect the behavior of the susceptibility. These issues will be the subject of future investigations. 
